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Introduction
Aromatic polyamide-based (PA) composite reverse osmosis (RO) membranes currently account for over 95% of existing RO desalination plants [1] . As opposed to asymmetric cellulose acetate-based RO membranes, the composite PA RO membranes can be operated under strong acidic and basic conditions, as they exhibit chemical stability across a pH range of 2-11 at temperatures ranging from 20 to 35°C [2, 3] , and do not suffer from compaction with time making them ideal candidates for long-term use in water treatment applications [4] . The ubiquitous reactivity of the PA film, which provides the water/salt selectivity to the composite RO membrane, in the presence of free chlorine, is widely reported in the literature [5] [6] [7] [8] . It can hamper to some extent the membrane operating lifetime, e.g. the stability of the permeation flux and salt retention. During on-site operation, the latter is usually due in part to the inability of current cleaning procedures to effectively reduce for example membrane biofouling [9] , conversely could be due to a potential irreversible loss of membrane selectivity in the case of an exposure to free chlorine, as demonstrated during long term filtration studies [10, 11] . Thus, the use of free chlorine as a cleaning agent in RO membrane treatment applications is still questioned.
Insights into the physicochemical properties changes of the PA layer, despite inherent difficulties related to the characterization of a thin film incorporated into a composite material, have mainly been provided by spectroscopy studies [12] [13] [14] . In particular, it is commonly assumed that chlorination, following a 2-step electrophilic substitution mechanism favored at acidic pH [15, 16] , results in changes in PA chain cohesion energy, also confirmed by recent mechanical and thermal characterization studies [17, 18] . Ongoing work is focusing on relating the evolutions in the properties of the chlorinated PA layer to water and salt transport variations of RO membranes in filtration operating conditions relevant to seawater desalination. RO membrane permeance to water and salt retention were shown, on numerous occasions, to be free chlorine dose and free chlorine solution pH dependent [19] . Recently, it has been reported that the chlorinated PA may undergo a relaxation process, through swelling, which is irreversible as evidenced by an increase of the pure water permeability, with the permeation of an electrolyte [20] . Most of these studies were conducted at the lab-scale, generally by using single solute electrolytic solutions or model seawaters at best.
The aim of the present study was therefore to investigate the relevance of such academic studies on an industrial scale pilot unit. To this end, the water permeance and salt retention were assessed during the long term filtration of a pretreated seawater performed by using 4" RO spiral wound modules. Furthermore, the chlorination of the RO modules was performed under exposure conditions similar to those used previously at the lab-scale, with respect to the active specie, dose range spanned and contact mode. The main objective was to compare the changes of water permeance and salt retention determined at the pilot-scale with a consecutive increase of the free chlorine dose, from 40 to 4000 ppm h, with those reported on membrane samples (surface area of 140 cm 2 ) under accelerated exposure conditions [19, 20] . In addition, this comparison was used to assess the relevance of accelerated exposure conditions, performed at the lab-scale, in predicting potential chlorine-induced performance changes during on-site operation. The influence of each free chlorine dose on the variations of the transport properties was determined at the steady state, owing to long term filtration runs, and a critical exposure dose at which RO selectivity irreversibly decreases below a threshold value of 99.6%, in particular to bromide ions, was determined. In addition, elemental analysis of the ion composition of the permeate enabled to further investigate the role of the permeation of electrolytes on characteristic water permeance variations of chlorinated PA-based RO membranes.
Materials and methods

Membrane
A commercially available seawater reverse osmosis membrane (SW30HRLE, Dow Filmtec©) was used during this study. As detailed previously [19] , this composite membrane possesses a fully aromatic polyamide thin film, the active layer (PA). Elemental analysis (see Section 2.5.1) was performed on membrane samples with sizes of ca. 4 × 4 cm which were extracted from an 8" spiral wound module and stored and rinsed in ultrapure water (UP water from a Millipore MilliQ system, 18.2 MΩ cm). Filtration experiments during the pilot-scale study were performed using 4" spiral wound modules possessing a surface area of 7.9 m 2 .
Desalination pilot plant and seawater composition
The desalination pilot plant was located near the bay area of the city of Toulon, in the southeast Mediterranean coast of France. It comprised a pretreatment stage and 2 RO modules running in parallel and achieved on average a flow rate of 1 m 3 h −1 (Fig. 1) . Furthermore, it was equipped with an automated data acquisition system and on-line measurement instruments, which enabled to monitor continuously seawater flow rate and physicochemical properties, namely conductivity, temperature and pH, at intake, and during the pretreatment and RO stages.
In brief, the pretreatment consisted in a coagulation step which was performed by injecting 1 mg L −1 ferric chloride (FeCl 3 ) without any adjustment of the pH upstream of dual-media filters. Pretreated seawater was collected and stored in a break tank used to feed downstream the 2 RO units running in parallel. Each RO unit (used for the experiment and a control) was composed of one pressure vessel placed vertically which could contain one 4" spiral wound module. RO feed stream (pretreated seawater) was pumped using high pressure pumps to the top of the pressure vessel and flowed from top to bottom. The applied pressure and flow rate were controlled through adjustment of a back-pressure regulating valve. Occasionally, a low level indication in the feed and break tank would cause an automatic shutdown of the pretreatment and/or RO units (see stars in Fig. 4) .
Moreover, samples of RO unit feed and filtered seawater were periodically taken for the analysis of the ionic content (see Section 2.5.2). The average concentration of target mono-and divalent ions of the pretreated seawater determined during this study are given in Table 1 . Partial ionic balance indicates that the sodium and chloride ions account for ca. 80% in M of the ionic content of the pretreated seawater. In addition, the influent contained bromide ions at an average concentration of 69 mg L −1
. Bromide ions were specifically monitored with regard to human health issues, as they can form bromate anions, a suspected human carcinogen [21] , and due to their reactivity in the presence of chlorine generating halogenation compounds, potentially competing with chlorination species [22, 23] .
Filtration protocol
Two filtrations runs were performed independently by using two separate pristine 4" RO spiral wound modules from December 2010 to February 2011. The applied pressure and the membrane permeation flux and feed and permeate conductivities were continuously monitored by on-line measurements throughout the chlorination procedure which was performed by sequential increments of the free chlorine dose (see Section 2.4). Filtration runs lasted from 3 to 4 weeks, duration which was found to be sufficient to obtain steady state permeation conditions following each successive injection of free chlorine solutions. The RO units were operated at a constant permeation flux (J w ) of 21 L h −1 m −2 , at 20°C, and with a 13% recovery corresponding to average conditions found on-site for one module (considering an average recovery of 50% per pressure vessel which contain up to 6 modules). This recovery factor is optimized to limit the concentration polarization at the surface of the selective membrane and potential fouling. The RO module permeance to water (L h
, 20°C) and bulk observed salt retention (%), transport properties commonly used on-site, were determined by Eqs. (1) and (2), respectively.
In Eq. (1), J w is the permeation flux expressed in L h −1 m −2 , P app is the mean applied pressure across the RO module and ΔΠ is the bulk trans-membrane osmotic pressure, both expressed in bar. The osmotic pressure was determined by using the Van't Hoff equation, which can be considered to be accurate for the mono-and divalent salts at the concentration of the seawater (see Table 1 ). In Eq. (2), R obs is the observed salt retention (%) and was determined from the electrolytic conductivity values in the permeate (σ p ) and in the bulk feed (σ o ) measured at 20 ± 2°C (μS cm −1 ). Strictly speaking, R obs is defined by the concentrations expressed in M or from the total dissolved solids concentration when it can be determined with accuracy, which was not the case here given that the exact composition of the seawater was not determined. No further corrections were made for the effects of the concentration polarization on the water permeance and the observed salt retention.
At the beginning of each filtration run, the 4" RO module was flushed with pretreated seawater under slight permeation during half a day to allow for the removal of preservation agents and to ensure that all air is purged following a procedure described in the technical manual provided by the membrane manufacturer [24] . Subsequent filtration was performed prior to chlorination to determine at the steady state the water permeance (A) and salt retention (R obs ) of the pristine RO module (an average permeate volume of 6 m 3 was required). Furthermore, filtration was allowed to run for at least 48 h in between 2 successive chlorine injection steps in order to determine chlorinated RO module transport properties at the steady state. Upon determining the water permeance and salt retention of the RO module for each free chlorine dose, R obs was monitored as a function of the permeation flux (J w ) by varying the mean applied pressure. In addition, samples from the permeate and feed streams were collected for the analysis of the ion composition and determination of the observed retention of each ion (R obs,i ) by using Eq. (3): ). Prior to chlorination (see Section 2.4 for a complete description of the procedure used), filtration was stopped by reducing the applied pressure and by shutting down the high pressure pump.
Chlorination protocol 2.4.1. Exposure of membrane samples
Membrane samples extracted from an 8" spiral wound module and cut to a size of 4 × 4 cm (for membrane surface elemental analysis, see Section 2.5.1) were soaked, at 20 ± 3°C, in ca. 50 mL free chlorine solutions contained in borosilicate beakers covered with Parafilm ™ and stored in a dark area. The free chlorine solutions were prepared by diluting a 111 g L −1 sodium hypochlorite (NaOCl) solution in UP water to the desired concentrations ( Table 2 ). The pH was adjusted by addition of hydrochloric acid 37% v/v (Acros Organics) at values of 6.9 and 8.0, corresponding to average pretreated seawater pH values found in desalination plants. The contact time was set to 1 h. As described previously [14] , the content of hypochlorous acid (HOCl) and of the hypochlorite ion (ClO − ) was spectrophotometrically determined at each pH. As a result, the chlorine content at the membrane surface, determined by X-ray photoelectron spectroscopy (XPS, see Section 2.5.1), was monitored as a function of the HOCl dose (C.t), which corresponds to the product of the HOCl concentration and of the contact time, expressed in mg h L −1 HOCl (ppm h HOCl). The chlorine to nitrogen ratio was used to express specifically the content of chlorine bounded to the PA layer, independently of the presence of a thin coating layer, consistent with a polyvinyl alcohol (PVA) [25] . Prior to elemental analysis performed by XPS, the chlorinated membrane samples were rinsed with UP water to remove free chlorine and stored in UP water in opaque covered containers at 4°C.
Exposure of the 4" RO module
At the pilot-scale, exposure of the RO membranes contained in the 4" spiral wound module was performed in similar conditions (active species, and by immersion). To achieve comparable chlorination conditions with those used at the lab-scale, free chlorine solutions were prepared by diluting NaOCl solutions in permeate (conductivity of ca. 100 μS cm −1 ) produced from the control (non-chlorinated) 4" RO module. Prior to chlorination, the spiral wound module was rinsed by circulating the RO permeate, without permeation, until the conductivity of the effluent reached ca. 100 μS cm Determined for a seawater influent with an average conductivity of 56 mS cm −1 , temperature of 14.5°C and pH of 8.3.
Table 2
Free chlorine doses used for the analysis of the membrane surface elemental composition and during the chlorination of the RO modules at the pilot-scale, performed by periodic injections to achieve cumulated doses of 40, 400, 1000, 2500 and 4000 ppm h. Free chlorine solutions were prepared at a pH of 6.9 and 8.0 and at 20±3°C. and trace metal concentration (specifically, aluminum, copper and iron known to catalyze PA chlorination in the presence of free chlorine [27] ) of the permeate were determined (see Section 2.5.2). The analysis mainly shows that the permeate bromide ion concentration was lower than 0.1 mg L −1 and that it contained trace concentrations of 1 μg L −1 Cu, 10 μg L −1 Fe and 80 μg L −1 Al, naturally contained in the seawater influent and/or originating from the coagulation step. In addition, visual inspection of the surface of the membranes extracted from the 4" module following the entire filtration run revealed roughly no fouling layer (at most a heterogeneously covered surface), thus reducing the potential reaction of free chlorine with other compounds. These elements seem to support that reaction conditions were such that the free chlorine species, in the concentration and pH range studied (i.e., HOCl and ClO − ), were the main reactants. The free chlorine solution was pumped into the module at the concentrate inlet, was allowed to flow up to the feed inlet (Fig. 1) , without permeation, and was circulated back to the free chlorine stock tank by using a peristaltic pump and Nalgene™ polyethylene tubes, composing the circulation loop that replaced the pipes used during high pressure filtration. By using this procedure, the surface layer was the only layer of the composite RO membrane to be in contact with the free chlorine solutions. The pH was continuously monitored and the free chlorine concentration was determined at the start and end of the contact period.
Chlorination of the RO membranes contained in the spiral wound module was performed by a sequential increase of the free chlorine dose in between filtration runs to achieve successively free chlorine doses of 40, 400, 1000, 2500 and 4000 ppm h ( Table 2) . As for the procedure used at the lab-scale, the contact time was set to 1 h. The free chlorine concentration, determined by the titration method using DPD and the kit UV spectrometer (HACH), decreased on average by less than 10% during the contact time. The pH of the free chlorine solutions was systematically adjusted at 6.9 by addition of 2 M HCl (Sigma Aldrich) and the temperature was of 20 ± 3°C. Both remained constant throughout the contact period. At the end of the contact time, the module was rinsed with the RO permeate to remove the free chlorine solution and further rinsed with seawater, without permeation, prior to resuming the high-pressure filtration.
Elemental analysis 2.5.1. XPS
The atomic composition of the surface layer (across the top 10 nm in depth) of membrane samples was obtained by XPS. XPS spectroscopy was performed with an Escalab 250 (Thermo Electron) XPS spectrometer using a monochromatic aluminum Kα radiation as an X-ray excitation source (1486.6 eV). A spot of the membrane sample of 400 μm in diameter was scanned using this source. Membrane samples with sizes of ca. 4 × 4 cm were mounted on a sample holder with graphite adhesive tape and kept overnight at high vacuum in the preparation chamber before they were transferred to the analysis chamber of the spectrometer. Avantage software was used for data acquisition and analysis. Survey XPS spectra were obtained by scanning over a 0-1200 eV electron binding range with an energy step size of 1 eV. High resolution XPS core-level spectra were obtained by averaging 15 scans for C 1 s, O 1 s, N 1 s and Cl 2p with an energy step size of 0.2 eV and by using a 45°takeoff angle. Membrane samples were irradiated separately and for a maximum time of 15 min. All high resolution scans were normalized against the binding energy of the aromatic C_C bond (C 1 s corrected to 284.6 eV). Atomic concentration percentages of C, O, N, and Cl of the membranes before and after chlorination were determined using a semi-quantitative method, i.e. by assuming that C, N, O and Cl account for 100% of the elements present at the surface of the samples analyzed by XPS. The surface atomic concentrations were determined from photoelectron peak areas using the atomic sensitivity factors reported by Scofield [28] . The background signal was subtracted using the Shirley method. Sample charging was minimized by an electron flood gun operated at 2 eV.
Pretreated seawater ion and metal content
The analysis of the ion content of the pretreated seawater and of the permeate produced by the RO module before chlorination and following exposure to each free chlorine dose used was performed by the Institut Départemental d'analyse, de conseil et d'expertise en Hygiène alimentaire, Eau, environnement et Santé Animale (IDHESA), analytical laboratory located in Plouzané (France). Atomic absorption spectroscopy was used to determine the concentration of potassium, sodium, calcium and magnesium ions, ion chromatography was used to determine the concentration of bromide and sulfate ions, and a titration method was applied to determine the concentration of chloride ions. The concentration of metals (aluminum, copper and iron) in the pretreated seawater was determined by inductively coupled plasma mass spectrometry, performed by IDHESA. Samples (250 mL and 1 L) were collected from the feed and permeate streams, stored at 4°C before they were shipped to IDHESA for analysis. All methods were performed following international standard (ISO) procedures.
Results and discussion
Assessment of chlorination conditions
Elemental composition of the surface of membrane samples, extracted from an 8" module, was monitored for the free chlorine doses spanned to provide insights on the reactivity of PA presumably experienced at the pilot-scale. Fig. 2 presents the chlorine to nitrogen atomic percent ratio determined at the very top surface of membrane samples by XPS for the different doses used at pH 6.9 and 8.0. A peak at 200.3 eV assignable to covalently bound chlorine [6, 29] and a peak at 399.9 eV assigned to the -NH bond [26] , respectively determined by deconvoluting the high resolution XPS spectra of Cl 2p and N 1 s, were compared. The chlorination of PA, monitored ca. at the top 10 nm of this layer, seems to depend on the concentration of HOCl in the conditions used (free chlorine dose, solution pH). This is in agreement with results previously reported for the chlorination of aliphatic and aromatic linear and crosslinked polyamide [30, 5, 14] . Furthermore, the incorporation of chlorine seems to level off at a dose of 1000 ppm h HOCl, in agreement with previously published XPS results on PA halogenation [31] . The chlorine to nitrogen ratio is ca. 1:1 roughly at this dose and up to 3120 ppm h HOCl, highest exposure dose also used during the pilot-scale study. In addition, Fig. 2 presents the chlorine to nitrogen ratio determined for membrane samples exposed to a HOCl concentration of ca. 31 ppm, the lowest concentration used, for contact times of 2.5, 25 and 100 h, respectively leading to equivalent HOCl doses of 78, 780 and 3120 ppm h. In the HOCl dose spanned, from 31 to 3120 ppm h, the chlorine to nitrogen ratio did not vary over 15% regardless of the C.t combinations used, specifically during so-called accelerated exposure conditions as opposed to potential on-site exposure conditions (comparatively achieved at a lower concentration and for a longer exposure period). Elemental analysis by XPS of the surface of membrane samples show, to some extent, that the chlorination protocol used at the pilot-scale (by a sequential increase of the HOCl dose) should not interfere with the comparison of RO performance changes between those observed at the lab-scale (using a cross-flow filtration cell) and those monitored in the present study at the pilot-scale during the filtration of a pretreated seawater using 4" RO modules.
Performance of chlorinated RO modules during desalination
Independent filtration runs and analysis of chlorination-induced performance changes were performed with two 4" RO modules. Each module operated during ca. 1 week (achieving the production of a permeate volume of 6 m 3 ) to determine at the steady state the pristine RO membrane permeance to water and salt retention. Fig. 3 presents the variation of the observed salt retention (R obs ) with the permeation flux (J w ) for both modules. They exhibited a salt retention (determined by conductivity) of 99.8% at the operating permeation flux of 21 L h −1 m −2 , 20°C. This result is in agreement with the average value provided by the manufacturer, i.e. 99.75% [24] . In addition, at this permeation flux, the retention of target ions was on average of 99.8% and was complete for divalent ions (data not shown). The water permeance of each module remained roughly unchanged during the time span prior to chlorination (Fig. 4) , and the average value was equal to 0.91 L h −1 m −2 bar −1 , 20°C. Fig. 4 presents the evolutions of A and R obs with the chlorination of a module, performed by a sequential increase of the free chlorine dose. Profiles that are presented for A and R obs are characteristic for both modules, with respect to both chlorination-induced changes in the value of each parameter and to their time dependence. The latter point will be discussed more in detail in Section 3.3 in relation to the increase of salt permeation through the chlorinated PA layer and its impact on inducing swelling of this layer. RO performance was monitored during the filtration of a pretreated seawater for a minimum of 48 h following a total exposure dose of 40 and 2500 ppm h free chlorine, and up to 170 h after exposure to a total dose of 400, 1000 and 4000 ppm h free chlorine, at pH 6.9. Instantaneous changes in the values of A and of R obs were observed when filtration was resumed following the chlorination of a module, regardless of the free chlorine dose reached. Water permeance and salt retention of the control module (non-chlorinated) were unchanged during the same period. Results presented in Fig. 4 indicate that the water permeance and to a lesser extent the observed salt retention are modified at free chlorine doses below the threshold value provided by the manufacturer, i.e. 1000 ppm h, which is consistent with the changes in PA elemental, chemical composition, mechanical properties and structure reported here (Fig. 2) and in the literature [13, 14, 17, 19] . In addition, the chlorination protocol used (sequential increase of the free chlorine dose) and the filtration runs performed with 4" RO modules confirm that A and R obs are free chlorine dose dependent. As such, variations observed at the pilot-scale were comparable to those reported at the lab-scale [14, [18] [19] [20] despite main differences in the filtration protocol (absence of pure water filtration at the pilot-scale), hydrodynamic conditions, water composition (generally single solute aqueous solutions are used for tests performed by using filtration cells) and transport properties of pristine membrane samples [32] . Remarkably, the changes in the values of A and of R obs following exposure to a total free chlorine dose of 40 and 400 ppm h were quantitatively similar to those observed during the filtration of a 0.55 M NaCl single-solute aqueous solution performed at the lab-scale (Table 3) . This is consistent with changes of characteristic PA infrared absorbance bands which were observed to be similar to those reported for membrane samples under accelerated exposure conditions [14, 19] . Infrared spectroscopy (ATR-FTIR) was performed on the surface of RO membrane sheets extracted from a 4" module at random locations following a filtration run, i.e. after exposure of the module to a cumulated free chlorine dose of 4000 ppm h, at pH 6.9 (data not shown). These surface chemical analyses seem to further support the relevance of accelerated chlorine exposure conditions used at the lab-scale in simulating potential on-site reaction conditions, for the reaction conditions used during this study (doses spanned and species considered).
Furthermore, the chlorination protocol used during this study seems to indicate that periodic and repeated exposure to free chlorine irreversibly causes a loss in RO water/salt selectivity during the filtration in usual seawater pH conditions, i.e. at ca. pH 8.
Tentative structure-property relations were proposed. They generally link a chlorine-induced increase in chain mobility within the PA layer to changes in transfer properties of commercially available asymmetric [7] and composite RO membranes [14, 19, 33] . The free chlorine dose dependence of A and of R obs demonstrated during the sequential chlorination and long term seawater filtration tests and characteristic evolutions attributed to chlorination, such as the time dependence of water permeance, suggest that variations of A could be used to monitor membrane chlorination continuously and in a non-destructive way. On the one hand, as demonstrated at the labscale [14] , chlorination in controlled conditions, i.e. at 40 ppm h the lowest free chlorine dose used in this study, increased the permeation flux by 24%, alternatively decreased the applied pressure required by 14% compared to nominal operating conditions without compromising RO salt retention. On the other hand, a progressive increase of the free chlorine dose above 1000 ppm h caused both water permeance and salt passage to increase, leading to an overall loss of RO membrane selectivity. Following a cumulated exposure to a free chlorine dose of 4000 ppm h, at the steady state (reached after 170 h of filtration), A was determined to have increased overall by a factor of 2 while R obs decreased by 3.2% compared to baseline values obtained with the pristine module. In addition, at the steady state A decreased with an increase in the free chlorine dose from 40 to 400 and 1000 ppm h, which would be consistent with an applied pressure-induced decrease of A reported in a previous study [14] . Moreover, A was observed to increase with time during the filtration for an exposure to free chlorine of 400 ppm h and above, in agreement with previous results reported by lab-scale studies [19, 20] . The higher the free chlorine dose of exposure, the higher the rate of increase of A with time (A'). Following a cumulated and maximal exposure to a free chlorine dose of 4000 ppm h, at pH 6.9, A' reached a value of 0.3 L h −2 m −2 bar −1 in the time span of 3 h, an order of magnitude lower than the value determined at the lab-scale in similar chlorination conditions. At the same time, R obs decreased by ca. 3.0% between an exposure to a cumulated free chlorine dose of 1000 and 4000 ppm h. In agreement with a recent study [20] , this result could indicate that the apparent recovery of A of a chlorinated membrane is triggered essentially with the permeation of a salt across the PA layer. Further description of this phenomenon is provided in Section 3.3. , 20°C, as a function of the different free chlorine doses reached consecutively. Average values determined for both chlorinated RO modules essentially show that divalent ions are fully retained (a maximum decrease of 0.1% was reached for Mg 2+ ) while the retention of monovalent ions decreased in a non linear fashion with an increase in the free chlorine dose. Sodium and bromide ions were specifically less rejected from the chlorinated membrane, their retention decreasing from 99.6% to ca. 96% with an increase of the free chlorine dose from 1000 to 4000 ppm h. From an end-user standpoint, the RO salt retention, in particular of bromide ions, decreased below a threshold value of 99.6% following the exposure to a cumulated free chlorine dose of 1000 ppm h, at pH 6.9, corresponding to chlorination conditions under which the chlorine content of the PA surface was observed to level off (Fig. 2) . Fig. 5 shows that the divalent cations and anions were fully rejected, whatever the level of membrane chloration covered in the present study. However, the retention of monovalent ions decreased in a continuous way as long as the exposure to free chlorine increased. The electroneutrality condition, given that the permeate contained only monovalent ions, explains that the retention rates of the anions and of the cations were similar. To some extent, these chlorinated RO membranes have a very high selectivity for monovalent-divalent ion mixtures, similar to those found for nanofiltration. However, here the retention of divalent ions, even at a high free chlorine concentration, reaches almost 100%. Considering the high ionic strength of the feed solution, and given that the chlorinated membrane remains an RO membrane with a low charge density [34] , the monovalent-divalent ion selectivity can presumably not be ascribed to charge exclusion, but rather to size exclusion.
In a recent study, filtration experiments performed with single-solute aqueous solutions containing alternatively mono-, divalent salts and a neutral organic solute have shown that the chlorinated (and as a result less rigid) PA layer was subject to swelling with the permeation of a salt [20] . This relaxation phenomenon was associated to the continuous increase of A with time and was shown to depend on the initial salt flux. Based on these explanations, salt retention results provided in Fig. 5 could indicate that monovalent ions, as they permeate preferentially through the chlorinated membrane, generate the increase of A with time, mainly observed above a free chlorine dose of 1000 ppm h Chlorination was performed by a sequential increase of the free chlorine dose from 0 up to 40, 400, 1000, 2500 and 4000 ppm h, at pH 6.9. Errors bars were defined from standard deviations obtained during the two independent filtration runs. Table 3 Comparing water permeance (A) and salt retention (R obs ) variations following an exposure to free chlorine doses of 40 and 400 ppm h, at pH 6.9, determined at the lab-scale and at the pilot-scale. matching conditions under which the retention of monovalent ions decreased more significantly (Fig. 4) .
Conclusion
A pilot-scale study was conducted to assess RO membrane water permeance and salt retention variations induced by chlorination and to compare them with those observed at the lab-scale. A chlorination protocol was transposed from previous works from the lab-scale and adapted to expose only the surface active layer of the composite membrane to consecutive free chlorine doses ranging from 40 to 4000 ppm h, at pH 6.9. Under pH conditions usually found in desalination plants, elemental analysis of the surface of chlorinated membranes performed by XPS showed that chlorination is controlled by the concentration of HOCl, independently of the C.t combinations used. The filtration of a pretreated seawater was performed by using 4" RO spiral wound modules. In agreement with previously published results obtained at the lab-scale, A and R obs were observed to be free chlorine dose dependent. Main results regarding the performance of chlorinated PA-based RO membranes, now confirmed at the pilot-scale during the filtration of seawater, are:
-The water/salt selectivity of an RO membrane can be increased after exposure to a free chlorine dose of 40 ppm h and below 400 ppm h, at pH 6.9. -Above the free chlorine dose threshold value of 1000 ppm h, the membrane water/salt selectivity, in particular to bromide ions, is irreversibly lost.
Long-term filtration tests unambiguously demonstrated that transport property variations, mainly the values of A and the rate of increase of A with time, a characteristic property of chlorinated PA-based membranes, were instantaneous when filtration was resumed following an exposure to free chlorine, irrespective of the dose reached. The elemental analysis of the feed and permeate streams revealed that monovalent ions of the pretreated seawater, containing mainly sodium, chloride and bromide ions at a concentration of 69 mg L −1 , were less rejected by the chlorinated membrane than divalent ions. It was further suggested that the permeation of monovalent ions contributed to the increase of A with time, related to a swelling-induced relaxation process of the chlorinated (and as a result less rigid) PA layer, following the exposure to a cumulated free chlorine dose of 1000 ppm h and up to 4000 ppm h.
